We describe experimental and theoretical studies dedicated to establishing the physics of formation of double droplets in microfluidic systems. We show that the morphologies (complete engulfing, partial engulfing, and nonengulfing) obtained at late times minimize the interfacial energy of the system. We explain that nonequilibrium morphologies generated in the system can have long lifetimes. Remarkably, the physics of formation of the double droplets with microfluidics allows the synthesis of particles with new morphologies.
We describe experimental and theoretical studies dedicated to establishing the physics of formation of double droplets in microfluidic systems. We show that the morphologies (complete engulfing, partial engulfing, and nonengulfing) obtained at late times minimize the interfacial energy of the system. We explain that nonequilibrium morphologies generated in the system can have long lifetimes. Remarkably, the physics of formation of the double droplets with microfluidics allows the synthesis of particles with new morphologies. Double emulsions (i.e., emulsions in which the dispersed phase is also an emulsion) are of considerable interest in food, cosmetic industries, medical sciences (drug delivery), printing, and textile industries [1] . Traditional techniques of production of double emulsions essentially consist in mixing three fluids together. Owing to a lack of control of the kinetics of the formation of the structures, one typically obtains emulsions with broad size distributions and polymorphism. Recently, a number of investigators succeeded in generating double emulsions in microfluidic systems [2] [3] [4] and in capillaries [5] . The experiments generated remarkably monodisperse structures in which the number of droplets inside each globule could be controlled [2] [3] [4] [5] . However stimulating the results can be, the type of structure which can be obtained in a given microfluidic geometry, at different stages of their formation, and for prescribed triplets of liquids remains unclear. Phase diagrams published recently in the literature [3] suggest that different morphologies can be obtained with the same fluids, which is puzzling from the standpoint of mechanical equilibrium. What we show in the present Letter is that one may obtain on the same chip equilibrium and nonequilibrium structures (that may correspond to different morphologies), depending on the range of time we address. Owing to the excellent control of the kinetics of formation, nonequilibrium states can be photocured to elaborate new particles well beyond the possibilities of traditional technologies.
The microsystems are made in polydimethylsiloxane (PDMS), using soft lithography technique [6, 7] . The systems have a double flow focusing geometry similar to Ref. [3, 8] where two junctions are placed in series (see Fig. 1 ). In such a geometry, an emulsion of A=B is produced at the first junction. The structures travel downstream in a second junction, where eventually, the double emulsions A=B=C are formed. The structures are further stored in a reservoir. The microchannels have rectangular cross sections, typically 100 m deep and 200 m wide, with a length of 2 cm for the main channel. In most cases, the microsystems are sealed after a 30 s exposure in an oxygen plasma cleaner. The resulting hydrophilicity of the PDMS microchannel surfaces [9, 10] allows generation of (O=O=W) double emulsions. In other cases the PDMS walls of the channels are hydrophobic (after plasma sealing, hydrophobic recovery is accelerated in an oven) and (W=O=O) double emulsions are generated.
The working fluids are alkanes, octanol, rapeseed oil, fluorinated oil, mineral oil, silicone oil, tripropylene glycol diacrylate (TPGDA), and water without and with sodium dodecyl sulfate (SDS) surfactant (1% w/w). Chemical products are commercial, with a purity of 99%. The inter-FIG. 1 (color online). Double flow focusing geometry used in the experiment: a first structure A=B is produced at the first junction. Downstream fluid C engulfs the structure, and a structure A=B=C is formed. The structure further moves into a reservoir. In the upper right figure, N is the number of droplets encapsulated in a tetradecane=TPGDA=water þ 1%SDS system, and Q A and Q B are, respectively, the flow rates of fluids A and B. I and III are monodisperse regimes and II (shaded region) represents polydisperse regimes for which the emulsion includes globules engulfing one or two droplets.
facial tensions corresponding to the three fluid interfaces are measured by using pendant drop method or ring technique. We systematically mix the three fluids together before performing the measurements so as equilibrium is reached, both from the viewpoints of surface energies and chemical potentials (solubilities).
To produce double emulsions, we drive the three fluids into the microsystem, tuning pressure or flow rates so as the droplets are formed sequentially at the first and second junctions. Typical orders of magnitude are 10 L min À1 for the flow rates and between 100 mbar and 1 bar for the inlet pressures. Throughout the experiments, Reynolds and capillary numbers are small.
The observations we report here are obtained by working with ratios of emission frequencies at the two junctions equal to unity. In such situations, the structures produced in the system have unique morphologies with no repeated pattern. When the ratio of the emission frequencies is not equal to unity, the system produces repeated patterns, such as several identical droplets engulfed in each globule. There also exist regimes where the system generates nonunique structures, such as globules engulfing different numbers of droplets. The domains of existence of the various regimes are illustrated in the inset of Fig. 1 . The plot reveals the existence of plateaus where the ratios of the emission frequencies are locked. These resonance plateaus, which evoke devil's staircases, result from the fact that in the second junction, droplets arriving at fixed frequencies perturb the flow, giving rise to resonance phenomena similar to those described in Ref. [11] . Such phenomena favor the monodispersivity of the structures the system generates, making feasible the formation of perfect crystals and are therefore worth being pointed out.
We now analyze the ''late time morphologies'' of the structures we produced. These morphologies are studied in the reservoir a few minutes after the flow is interrupted. We checked that such morphologies do not evolve for hours and are unique for given triplets of fluids, independently of the flow conditions. Varying the flow rates (however keeping the emission frequencies ratio equal to unity) changes sizes but not morphologies. Figure 2 shows two wellordered arrays of late time structures. Two morphologies are shown: partially engulfed (or Janus) and completely engulfed. The third morphology that we obtained at late times is nonengulfing, i.e., droplets remaining separated. The ensemble of observations we made for 30 triplets of fluids are summarized in Fig. 3 , using spreading parameters as coordinates in a way similar to Refs. [12, 13] :
where ij are the interfacial tensions between fluid i and j. We also represent the morphologies obtained by minimizing the interfacial energy of the system. In this diagram, there exist mathematically forbidden regions. We also represent a region which, according to the Girifalco relation [14] , is forbidden. Figure 3 shows that the late time structures appear to minimize the interfacial energy of the system. This is clear when the spreading coefficients S 2 and S 3 are well above the experimental uncertainty, i.e., AE1 mN=m. Agreement between theory and experiment is more questionable at low values of S 3 . Systematically, Janus seem located slightly above the horizontal axis. Nonetheless, such a discrepancy is close to the experimental uncertainty. Thus one may conclude that as a whole, the diagram of Fig. 3 supports the idea that the late time structures obtained in our microfluidic experiment correspond to mechanical equilibria.
We now turn our attention to the early time morphologies, i.e., those traveling from the second junction where they are formed towards the reservoir. Two examples of such structures are shown in Fig. 4 . In the first case [ Fig. 4(a) ], complete engulfment is observed, while the corresponding equilibrium morphology is nonengulfing. The second case [ Fig. 4(b) ] also shows complete engulfing at short time, while Janus is the equilibrium state. In fact, the dynamics towards equilibrium can be classified into FIG. 2. Two late time morphologies obtained in the experiments. On the left, partial engulfing (or Janus state) obtained using silicone oil and rapeseed oil, with distilled water as the external phase. On the right, complete engulfing obtained using fluorinated oil/silicone oil and water þ SDS as the external phase. The white bars represent 100 m.
FIG. 3.
Comparison between equilibrium and observed morphologies: Squares represent nonengulfing, circles engulfing, and triangles partial engulfing, as observed experimentally. The dotted line defines the boundary of a physically inaccessible region, as suggested by Girifalco's formula, with the parameter (cf. Ref. [13] ) equal to 0.92. several types, depending on whether a contact line common to the three fluids appears during their formation. The transient regime also depends on the nature of the equilibrium state towards which the system evolves. We examine two possibilities here. In Fig. 4(a) , the three fluids turn out to develop a common line during the formation process. In this case, the system evolves almost immediately towards a structure close to the equilibrium state. The time it takes to reach equilibrium in such a case is less than 1 ms, which is comparable to a capillary time [15] . In the second example shown in Fig. 4(b) , one phase remains physically separated from the other during the formation process (i.e., a small droplet inside a large host droplet). In such a case, the evolution towards equilibrium is much slower, taking hundreds of milliseconds or so. In fact, the inner droplet must touch the inner boundary of its host to evolve to equilibrium under the action of capillary forces. We analyzed in some detail this process by measuring the temporal evolution of the distance d between the center of the inner droplet and the interface of the host droplet, the origin of time being taken as the double droplet is formed at the second junction. In Fig. 5 , the reduced distance d=a, a being the radius of the host droplet, is plotted versus the reduced time t= (where is the time it takes for the inner droplet to touch the interface of the host droplet) for three different experiments. We checked the trajectories of the inner droplet lies along a diameter, parallel to the main stream. In the three cases, the dynamics of the process is roughly linear in time, with ranging between 0.7 and 1.3 s.
We present here a model dedicated to estimate the lifetimes of nonequilibrium engulfing morphologies in situations where the equilibrium state is a Janus. The model is based on the idea that the inner droplet is displaced under the action of internal recirculations in the host drop. In the model, the droplet behaves as a small neutrally buoyant particle advected by the internal flow. We use here Hadamard-Rybzynski analysis [16] [17] [18] [19] for a drop of radius a, of viscosity moving with steady velocity U along the x axis inside a surrounding liquid of viscosity . The representation of the internal circulation is consistent with the experimental and numerical work of Ref. [20] . Choosing a coordinate system with its origin at the steadily moving center-of-mass of the drop, and introducing the viscosity ratio ¼ , the relative velocity V of the droplet is given by
We define the displacement time th as the time it takes the inner droplet of radiusâ to move along the center axis from the center x ¼ 0 to the interface x ¼ a Àâ of the host drop. Using Eq. (1) we obtain
A typical example of the evolution of xðtÞ with time is shown in Fig. 5 . The figure indicates consistency between theory and experiment. When inserting the experimental values for , , a, and U in Eq. (2) we obtain displacement times th ranging between 0.1 and 0.2 s, i.e., smaller than in the experiment. This is probably due to the fact that the microchannel walls and the perturbation of the internal circulation caused by the host droplet are neglected in the theory. Nonetheless, the theoretical model roughly captures an order of magnitude for the lifetime of the nonequilibrium structure and thus may be used as a starting point.
In practice, the lifetime of the nonequilibrium engulfed state allows production of new particles. This is shown in Fig. 6 in which we used a photocurable polymer as one of the three working fluids. We could photocure this monomer in less than 100 ms, using a technique similar to [21] . Figure 6 shows that the same system, with the same flow conditions, generates fully encapsulated particles at early times [ Fig. 6(a) ] and Janus particles at longer times [ Fig. 6(b) ]. This illustrates the advantage one can draw out from the excellent control of the kinetics of formation offered by microfluidic technology.
In conclusion, we show that two families of morphologies of double droplets can be obtained under control with microfluidics: equilibrium structures, and nonequilibrium structures with lifetimes controlled by the hydrodynamics. Microfluidics allows generation of entirely monodisperse structures (owing to a resonance phenomenon), which can be assembled to form crystals or photocured to form new particles, or both, opening routes towards the elaboration of new materials.
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